Abstract: Non-isothermal crystallization kinetics of polypropylene/date palm fiber (PP/DPF) composite materials were investigated in this study, using the differential scanning calorimetry (DSC) method. Different fiber contents and cooling rates, varying from 2.5°C/min to 20°C/ min, were considered. The obtained results indicated that the initial crystallization temperature increases with the increase of the DPF content. This was attributed to the nucleating ability of these fibers. Several theoretical models were used to predict the non-isothermal crystallization kinetics of the materials considered in this study. Basically, it was shown that both the Avrami analysis, modified by Jeziorny, and the method developed by Mo could adequately describe such kinetics. The activation energies required during the overall crystallization process and at different amounts of the relative degree of crystallinity were also evaluated using the Kissinger method and the isoconversional analysis of calorimetric data, respectively. It was shown that the presence of the DPFs in the PP matrix decreases these energies, confirming their nucleating ability during the non-isothermal crystallization process.
Introduction
Polypropylene (PP) is a semi-crystalline polymer largely used in different applications. It provides some interesting properties such as good processability, chemical resistance and attractive mechanical performances. These properties can be greatly affected by both the processing conditions and the introduction of fillers to form composite materials [1, 2] . Some synthetic fibers have been used as a potential alternative to reinforce polymer composites. Their use, however, has significantly declined due to both the remarkable increase of their cost and the awareness of environmental protection [3] . As a result, natural fibers have been introduced in the market to overcome some of these disadvantages and to reduce the price of the composite materials. These fibers may also offer other interesting characteristics such as biodegradability and those of environmental concern [1] . Moreover, and due to their low densities, natural fibers allow a reduction of the weight of the natural fiber composite materials, which could represent a major advantage for specific industries [4, 5] , such as the transport industry. The main disadvantage of natural fibers is their hydrophilic nature, which tends to decrease their compatibility with hydrophobic polymeric matrices during composite processing, reducing, therefore, the mechanical properties of this kind of material. They also present poor environmental and dimensional stability [6] [7] [8] . The hydrophilic behavior of natural fibers is attributed to the many available hydroxyl groups present in both their amorphous cellulose and hemicellulose components [9] . Many chemical treatments can be applied to change the number of these groups [10] [11] [12] , affecting, therefore, the ability of these fibers and their composites to absorb humidity [13] .
In order to optimize the mechanical properties of semicrystalline natural fiber composites, understanding and controlling the crystallinity in the bulk matrix and at the fiber/matrix interface area of these materials seem to be of prime importance. The crystallization process of polymers is usually studied by the differential scanning calorimetry (DSC) method. In the literature, both isothermal and nonisothermal crystallization conditions have been considered [14] [15] [16] [17] [18] [19] . In the first case, the crystallization process takes place at a constant temperature. In the second case, however, it will proceed under a specific cooling rate. Use of the non-isothermal crystallization conditions seems to be much more realistic, since they can better simulate the actual industrial process of composite materials. Results obtained in the recent literature have also indicated that the presence of natural fibers in composite materials can influence the crystallization process in the bulk matrix of these materials by acting as a nucleating agent [15] . In the case of PP/flax fiber composites, Zafeiropoulos et al. [17] noted that the addition of the flax fiber in the PP matrix leads to an increase of the overall crystallinity of the composite material, due to the build-up of transcrystalline layers at the interface area. As a result, the interfacial adhesion between the fiber and the matrix is improved. Similar results have been obtained by Sanadi and Caulfield [18] for other natural fiber-PP composites. More recently, Somnuk et al. [19] confirmed these results and indicated that the natural fiber composites are characterized by both a higher crystallization rate and a higher effective number of nuclei as compared to the neat PP. These authors attributed these results to the fact that natural fibers act as a nucleating agent in the composite materials. The effects of both the fiber content and the surface chemical treatment of natural fibers (sisal) on the crystallization process of the PP matrix has been discussed by Joseph et al. [15] . Basically, it has been noted that the incorporation of these fibers leads to an increase in both the crystallization temperature and the degree of crystallinity of the natural fiber composites. This was attributed, as discussed above, to the nucleating ability of the natural fibers, which can be improved by either the application of specific chemical treatments at the fiber surface, or the use of a coupling agent [12, 13, 18] . Generally, and in the case of thermoplastic natural fiber composites, alkali and acetylation treatments have been widely considered [12, 13] .
Different models have been proposed in the literature, to describe the non-isothermal crystallization behavior of natural fiber composite materials [20] [21] [22] [23] [24] [25] [26] [27] [28] . Grozdanov et al. [20] , using DSC analysis, characterized such behavior for the kenaf fiber/PP composites. The obtained results indicated that both the Avrami analysis, modified by Jeziorny, and the Liu and Mo models can be successfully applied to predict the non-isothermal crystallization kinetics of composite materials. Similar results were obtained by Huang et al. [21] for other natural fiber composite materials. More recently, Phoung [27] investigated the non-isothermal crystallization kinetics of recycled PP reinforced with short bamboo fibers using different models. Basically, it was noted that for these composites, the Ozawa model cannot adequately describe such a crystallization process.
Among the natural fibers which are being more and more used these days to reinforce thermoplastic polymers, we distinguish the date palm fibers (DPFs) ( University Farms, UAE). The main physical characteristics of these fibers have been discussed in references [29] [30] [31] [32] . The effect of their presence on the crystallization process of semi-crystalline polymers has not, in our knowledge, been greatly discussed in the open literature. It is the aim of this paper to discuss such a process under non-isothermal crystallization conditions.
Materials and methods

Materials
A commercial grade of isotactic PP was supplied by Qualipoly Chemical Corporation, Taiwan. It had a melt flow index of 8 g/10 min (230°C/2.16 kg). The extraction procedure of the DPFs, used in this study, is summarized in reference [31] . The fibers were subsequently cut to the desired length and treated with 1% of sodium hydroxide (Al-Nawaras Company, Sharjah UAE) (NaOH) (Panreac-131687 ACS ISO) at 100°C for 1 h. At the end of this treatment process, the fibers were cooled to room temperature, rinsed with freshwater and dried in a vacuum oven at 60°C for 24 h. Finally, the obtained fibers were preserved in airtight polyethylene bags to reduce moisture absorption until they were used. DPF/PP granulates were processed by extrusion mixing, using a twin-screw extruder HAAKE with Length (L)/ Diameter (D) 40 and a temperature profile range from 100°C to 200°C. In this study, and in order to characterize the effect of the fiber content on the non-crystallization process, two different amounts of DPFs were considered, i.e., 25 wt% and 50 wt%. An anhydride maleic grafted PP (MA) (Al-Mazroui Pharmacy, Al Ain UAE) was used (5 wt%) as a coupling agent to improve the quality of the fiber-matrix interaction. In the following, and for convenience, these extruded granulates will be denoted as neat PP, PP-25DPF-5MA and PP-50DPF-5MA.
Morphology analysis
Microscopic examinations were carried out using a JEOL JSM-5600A scanning electron microscope (Petroleum Institute Abu Dhabi, UAE). Specimens were sputtered with a 10 nm layer of gold prior to scanning electron microscopy observations. Scanning electron microscopy was used to characterize the fiber morphology before and after alkaline treatment. These fibers were mounted on aluminum holders using double-sided electrically conducting carbon adhesive tabs prior to the analysis.
Non-isothermal crystallization
The non-isothermal crystallization kinetics of the neat PP and its natural fiber composites, containing different amount of DPF (25 wt% and 50 wt%), were characterized using a NETZSCH DSC 204-F1 differential scanning calorimeter (Petroleum Institute Abu Dhabi, UAE). Samples of about 10±1 mg were first heated to 200°C at 20°C/min, held at that temperature (molten state) for 5 min to eliminate their thermal history and then cooled using different cooling rates, i.e., 2.5°C/min, 5°C/min, 10°C/min and 20°C/ min. All experiments were carried out in a nitrogen atmosphere. For each cooling rate considered in this study, three experiments were conducted and the obtained results are within 3% of error. Figure 1A shows that the raw DPF is cylindrical in shape and its surface contains a large number of uncompleted grown fibers (expected to be residual lignin) and artificial impurities (sand and dust). The use of the soda treatment (1% NaOH) cleans the fiber surface of a large amount of impurities and causes fibrillation ( Figure 1B ). Similar results were obtained by Mwaikambo and Ansell [33] . It has been suggested that the alkali treatment process leads to an increase of the fiber surface roughness and the formation of fibrillar structure on the fiber topography [34] [35] [36] . As a result, a mechanical interlocking between the polymer molecules and the natural fibers, in the composite material, could take place, therefore improving their adhesion during a subsequent molding process [36] . Moreover, such interlocking could change the crystallization process in the composite materials. Its effect on the crystallization kinetics of the different materials used in this study will be discussed in the following paragraphs. Figure 2 shows the DSC trace thermograms of the nonisothermal crystallization behaviors of the neat PP and the different composites, obtained at various cooling rates. From this figure, both the onset temperature at which the crystallization process starts (T 0 ) and the temperature at the maximum of the crystallization peak (T c ) can be determined. Table 1 summarizes the obtained results, for all materials and cooling rates (Φ) used in this study. As can be seen, the increase of the cooling rate decreases these two temperatures. Similar results have been obtained in the literature [20] [21] [22] .
Results and discussion
Fiber treatment
Crystallization mechanism
According to Xu et al. [37] and at high cooling rates, the crystallization time allowed to the crystalline entities to develop is reduced and the nuclei present within the melt matrix would not be able to develop due to the high motion of the polymer molecules at these cooling rates. Moreover, it has been suggested [38] that the molecular chains at high cooling rates have less time to diffuse into the crystallite lattice and to adjust and organize their configurations into more perfect crystallites. The intensity of that motion at such cooling rates could be reduced if the temperature of the exposed material is decreased. In that case, the nuclei will easily develop and the crystallization process would start at these lower temperatures, as indicated in Table 1 . Results shown in Table 1 also point out that both temperatures T 0 and T c shift to higher values as the amount of the DPF present in the composite material increases. Similar results have been reported in the literature [21, 24] . This was attributed to the nucleating ability of the treated natural fibers (by the presence of the mechanical interlocking) that could ease the crystallization process of the polymer matrix, basically at the interface area between these fibers and the matrix of the composite materials. As a result, such process should take place at earlier temperatures, therefore increasing both T c and T 0 .
To predict the non-isothermal crystallization behavior, different kinetic models have been proposed in the literature. In the following, the effect of the cooling rate on the different kinetic parameters of the neat PP and its composite materials will be discussed.
Prediction of non-isothermal crystallization kinetics
During the crystallization process at a constant cooling rate (Φ), the relative degree of crystallization X(t) within the matrix of the composite materials, after a given crystallization time t, can be determined using the following equation:
where (T 0 ) and (T ∞ ) are, respectively, the initial and the final crystallization temperatures, (T) is the crystallization temperature at a giving crystallization time (t) and (dHc) is the enthalpy of crystallization, measured during an infinitesimal temperature interval (dT). Such relative crystallization is usually obtained by the integration of the area under the exothermic peak, in the heat flow curves. Moreover, at a fixed cooling rate (Φ), it is possible to transform the crystallization temperature (T) into a crystallization time (t), using the following relation:
Results obtained in this study are shown in Figure 3 and summarized in Table 1 . Basically, it is noted that as the cooling rate increases, the overall crystallization time (t c ) of all materials decreases. This is an expected result and can be attributed to the fact that an increase of the cooling rate would not allow the crystalline entities to well develop within the melt matrix, reducing, therefore, both the degree of crystallization and the crystallization time within the exposed materials.
Results shown in Table 1 also indicate that the crystallization time (t c ) of the natural fiber composite materials is lower than that of the neat PP. This is due, as discussed above, to the nucleating ability of the DPFs, which tend to accelerate the crystallization process in the composite materials, reducing therefore their crystallization time.
To predict the non-isothermal crystallization kinetics of all materials considered in this study, different models proposed in the literature have been used. In the following, a comparison between the experimental results discussed above and those obtained using these models will be presented.
Avrami modified Jeziorny's model
The approach proposed by Avrami [39] can be expressed as follows:
where X(t) is the relative crystallinity and n and k t are, respectively, the Avrami exponent and the rate constant. The above equation can be rewritten as:
For this model, the parameter n is associated with the structural form of the crystalline entities, whereas the parameter k t is related to the linear growth rate of these entities. It should be noted that in the case of the non-isothermal crystallization process, these parameters could have a different physical significance, since the temperature changes during such a process [27] . According to Jeziorny [40] , and in order to take into account the effect of the cooling rate Φ, a new crystallization rate constant K c has been defined. Such rate is related to k t as follows: Figure 4 shows the plots of [log (-ln(1-X(t))] vs. [log (t)] for the different composite materials and cooling rates used in this study. As can be seen, straight lines are obtained up to a high level of conversion, i.e., about 80%. This suggests that the non-isothermal crystallization mechanism of the different composites can be described by the Avrami model and the two crystallization parameters n and k t can successfully characterize such a mechanism. The deviation from the linearity, however, and as reported by Xue et al. [37] could be attributed to the fact that at a very high level of conversion, the remaining crystallization process of the polymer molecules would mainly take place inside the already developed crystalline entities (secondary crystallization process), but not in the bulk matrix for the development of new crystals (primary crystallization process), as generally observed during the first steps of such process. The two Jeziorny parameters (n and K c ) were estimated from Figure 4 , and summarized in Table 2 . For the neat PP, n varies from 4.05 to 3.50 as the cooling rate increases, suggesting that the non-isothermal crystallization process of that material is mostly characterized by both a thermal nucleation process and a three-dimensional spherical growth mechanism of the crystalline entities [41, 42] . As the fiber content increases, the value of n decreases. Similar results have been reported in the literature [21] . According to Huang [43] , such decrease is due to a change in the shape of crystalline entities, as the presence and the increase of the fiber content in the composite materials would not allow these entities to easily develop in all directions. For all materials, n also decreases with the increase of the cooling rate. This is an expected result, since the increase of such a parameter reduces the crystallization time, which will, in turn, not permit the crystalline entities to fully develop during the crystallization process. Results shown in Table 2 also indicate that the kinetic crystallization rate (K c ) markedly increases with the increase of both the cooling rate and the natural fiber content. Such a result confirms those previously discussed and suggests that the presence of the DPF in the bulk PP matrix accelerates the crystallization process.
Ozawa analysis
The Ozawa analysis could also be used to characterize the crystallization kinetics of composite materials [14, 27] . Such analysis supposes that the non-isothermal crystallization process is composed of infinitesimal small isothermal crystallization steps. In that case, the proposed model can be expressed as follows [44] :
where K(T) is a cooling rate function and m is the Ozawa exponent that depends on the size of the crystalline entities. Taking the double logarithmic form, Eq. (7) gives:
The variation of log [-ln(1-X(T))] vs. [log(Φ)], at a given temperature, should be linear and the kinetic parameters K(T) and m could be determined, respectively, from the slope and the intercept of the obtained straight line. Figure 5A -C show these variations for the neat PP, PP-25DPF-5MA and PP-50DPF-MA, respectively, and Table 3 summarizes the resulting kinetic parameters. As can be seen from the obtained results, and for all materials considered in this study, a change of the slope with the temperature is noted, suggesting that m is not a constant with such a parameter during the crystallization. Similar results have been reported in the literature [45, 46] . According to Grozdanov et al. [20] , this could be attributed to the fact that at a specific crystallization temperature, the crystallization process under different cooling rates could be at a different stage. In fact, at higher cooling rates, the crystallization would be at its earlier steps, while at lower cooling rates, such a process should be at its end. Such doubt contests the Ozawa model and, this later, will therefore not be more developed in this study.
Mo's analysis
According to Liu et al. [47] , the degree of crystallinity can be related to both the cooling rate Φ and the crystallization time t (or temperature T) as follows:
This expression has been derived from a combination of the Avrami [Eq. (4) ] and the Ozawa [Eq. (7)] equations, and could be further rewritten as:
where 
F(T)
refers to the value of cooling rate chosen at unit crystallization time when the system amounted to a certain degree of crystallinity and b is the ratio between the Avrami and the Ozawa exponents. The variations of [log (Φ)] vs. [log (t)], for some specific relative degrees of crystallinity X(t), i.e., 20%, 40%, 60% and 80% and for the different composite materials considered in this study are shown in Figure 6 . Basically, it can be noted that, to achieve a specific value of X(t), the higher the cooling rate (Φ) is, the shorter the required crystallization time (t) will 
be. The obtained values of b and F(T)
for neat PP and the composite materials, at different levels of X(t), are summarized in Table 4 . As can be seen, for each material, an almost constant value of the ratio b is noted. This indicates, and as reported in the literature [20, 21] , that the Mo analysis can be successfully applied to describe the non-isothermal crystallization kinetics of the DPF composite materials. Moreover, results shown in Table 4 also indicate that F(T) increases as the degree of the relative crystallinity increases, but decreases with the amount of DPFs increase. Since, and as recently reported by Yuan et al. [25] , F(T) reflects the crystallization facilitation effect of the reinforcement phase in the matrix of the composite material, it appears that the presence and the increase of the DPF content in the bulk PP matrix have facilitated the crystallization process, proving therefore their nucleating ability. Similar results have been obtained by Phoung [27] for recycled PP/short bamboo fiber composites. Moreover, it seems that the crystallization process is privileged at its first steps, at low values of X(t) as indicated in Table 4 . This is an expected result, since at these steps, the polymer matrix is almost in its melt state and its molecular mobility is high, promoting, therefore, the crystallization process. As the crystallization time increases, and for higher values of X(t), such mobility is reduced and the crystallization process becomes much more difficult to be achieved, increasing therefore F(T).
Activation energy of non-isothermal crystallization
For a better understanding of the non-isothermal crystallization process, it is interesting to evaluate its activation energy, required for the birth and the development of the crystalline entities. For such evaluation, and in this study, two different approaches have been considered; the Kissinger's method [48] and the differential isoconversional approach that has been developed by Freidman [49] .
Kissinger method
For the non-isothermal crystallization process, the overall activation energy can be estimated using the Kissinger method. The following correlation between the cooling rate and the crystallization temperature can therefore be considered:
where R is the universal gas constant and ΔE is the overall activation energy for crystallization. Figure 7 shows the variation of Φ Table 4 . As can be seen, the increase of the DPF content in the PP matrix reduces the overall activation energy, which makes the polymer molecules easier to crystallize. Such a result confirms those obtained above and clearly suggests that the DPFs can act as nucleating sites during the crystallization process.
Differential isoconversional approach developed by Freidman
More recently, a much more precise approach has been proposed [49, 50] energy as a function of the relative crystallinity: the differential isoconversional method. This approach requires performing a series of experiments at different temperature programs to obtain such energy. It has been noted that this energy tends to vary with the extent of conversion and temperature, and can be employed to make reliable kinetic predictions to obtain information about complex mechanisms. At each degree of relative crystallinity X(t), it is possible to evaluate the effective energy using the following Freidman equation:
where dX(t)/dt is the instantaneous crystallization rate as a function of time for a given relative crystallinity X(t) and ΔE X(t) is the effective energy barrier in the crystallization process for a given value of X(t). Figure 8A -C show the plots of ln (dX(t)/dt) as a function 1/T X(t) for all materials considered in this study and at different relative crystallinities. As can be seen, straight lines are obtained, with a regression coefficient (R 2 ) larger than 0.98, indicating that the above Freidman equation can successfully be used to estimate the effective activation energy barrier [28] . The dependence of such an energy barrier on the temperature and on the extent of the relative crystallinity for the neat PP and its composite materials is presented in Figure 9 . As can be seen, the activation energy is negative, indicating that the crystallization increases as the temperature decreases [28] . For all the considered materials, ΔE X(t) increases with the increase of X(t). This result suggests that the crystallization mechanism of the PP molecules becomes more and more difficult as the relative crystallinity increases. Similar results have been obtained by Papageorgiou et al. [51] . Results shown in Figure 9 also indicate that, for all relative crystallinities considered in this study, the increase of the fiber content in the composite material decreases the activation energy. Since, and as reported in the literature [28, 52] , a lower level of the activation energy suggests an easier crystallization process, the results shown in Figure 9 support those previously obtained and confirm the nucleating ability of the DPFs during the crystallization process of the PP matrix.
Conclusions
The aim of this study was the characterization of the nonisothermal crystallization kinetics of the different PP-DPF composites, containing different amounts of DPFs. A wide range of cooling rates has been considered, varying from 2.5°C/min to 20°C/min. The obtained results can be summarized as follows: -The crystallization temperature of the composite materials increases with the increase of the date fiber content. This was associated with the nucleating ability of these fibers in the PP matrix. Moreover, this temperature decreases with the increase of the cooling rate. This was attributed to the high motion of the polymer molecules as the cooling rate increases, therefore reducing their ability to crystallize. -To predict the non-isothermal crystallization kinetics of the different materials considered in this study, several theoretical models have been considered. The obtained results have indicated that both the Avrami analysis, modified by Jeziorny, and the method developed by Mo could adequately describe such kinetics. -Two complementary approaches have been used to estimate both the overall and the effective activation energies of the non-isothermal crystallization process. Basically, it has been noted that the introduction of the DPFs in the PP matrix reduces these energies. Such reduction is attributed to the nucleating ability of these fibers, encouraging therefore the crystallization process of the polymer molecules.
